Thermally treated and ground poplar bark was used as the raw material for pressed bark insulation panels. Bark chips were treated for one, two, and three hours at 180 °C after a slow warming, drying process. The physical and mechanical properties of the pressed panels were investigated and compared to each other and to the control panel made of untreated bark chips. Thermal conductivity showed slight deviations and ranged from 0.064 -0.067 W·m -1 ·K -1 . The MOR and MOE showed a significant increase of 100%. The internal bond increased by 27% while the water absorption and thickness swelling decreased by 53.8% and 69.1% respectively. Panel density did not change significantly because the target density was the same for every panel type. The mechanical and physical properties of thermal insulation panels made of heat-treated chips increased significantly.
INTRODUCTION
As most researchers have accepted climate change, reducing energy consumption has become increasingly important. One method for reducing energy demand for buildings is thermal insulation, and many regulations to improve the insulation of buildings have been passed. The EU has set a goal for all new building to be nearly-zero energy buildings the end of 2020. On the one hand, this has led to an increased variety of available building insulation materials. On the other hand, the importance of natural-based, recyclable materials and solutions is increasing and is expected to continue growing in the future as environmental aspects become Suchsland -Enlow (1968) reduced the swelling with one to two hours of heat treatment at 218 °C, and the mechanical properties of phenolic bonded particleboard were not adversely affected. Menezzi -Tomaselli (2006) examined the effect of thermal post-treatment on OSB dimensional stability. The thermal treatment was effective and reduced the TS, EMC, but did not affect WA. The longer the treatment, the better the dimensional stability became. Oliveira et al. (2017) evaluated the effect of post-heat treatment on the physical and mechanical properties of MDF panels. The dimensional stability of the MDF increased, but all the thermally treated panels revealed a significant decrease in their MOR and MOE. Ayrilmis et al. (2009) also examined the thermal post-treatment of MDF. The heat treatment improved the TS, but WA and linear expansion properties were adversely affected. The MOR and MOE values decreased with increasing temperature. H'ng et al. (2012) post-heat treated particleboard made of rubber wood (Hevea brasiliensis (Willd. ex A.Juss.) Müll.Arg.) in a laboratory press at 100, 150, and 180 °C for 90, 180, and 270 seconds. The thermal treatment reduced the TS, but the WA was not affected.
Thermal conductivity also decreases with thermal treatment (Kol -Sefil 2011 , Korkut et al. 2013 , Pásztory et al. 2017a ). Sekino -Yamaguchi (2010) reduced the thermal conductivity of their insulation panel made of wood shavings by carbonizing the wood material. Similar processes can occur during heat treatment as the structure and the composition of the wood and bark are similar, but not the same.
The main goal of this investigation was to improve the mechanical properties and examine the thermal insulation property changes of insulation panels made of poplar bark. The secondary goal was to investigate the effect of thermal treatment duration on thermal conductivity and other parameters. 
Abbreviations and symbols

MATERIALS AND METHODS
Raw material
In Hungary, 88% of harvested timber are broadleaved species, primarily black locust (Robinia pseudoacacia L.) and poplar (Populus sp.) (NÉBIH 2016). We studied the 'Pannónia' poplar clone (Populus × euramericana (Dode) Guinier cv. Pannónia), which is widespread in Hungarian plantations and favored by the wood industry because of its advantageous mechanical properties. Bark was collected from a nearby sawmill (TAEG PLC Wood Processing Plant); the bark originated from the base to the first branches of the harvested stems. Inner and outer bark was not separated. The collected bark was hammer ground and dried to 8% moisture content. Particles smaller than 0.5 mm were fractionated from the chips.
Pre-heat treatment
A custom-made labor chamber was used for the treatment. Since the chamber interior is not airtight from the outside, steam escapes from the system during the treatment and oxygen is present. The system is an open and dry system. The bark chips were heated from room temperature to 95 °C in one hour, from 95 °C to 130 °C in another two hours, and then to the peak temperature of 180 °C top in another 30 minutes. Three different treatment durations (constant temperature) were used which lasted one (T1), two (T2) and three (T3) hours ( Figure 1 ). During cooling, the thermal inertia of the chamber was exploited; hence, the specimens were cooled to 25 °C in about 15 hours. Three panels were produced from each type. C T1 T2 T3 Figure 1 . Treated raw materials (C -control; T1 -one hour treatment; T2 -two hours treatment; T3 -three hours treatment)
Pressing conditions
A laboratory hot press (Siempelkamp) produced panels of 500 mm × 500 mm × 20 mm with the targeted density of 340 kg·m -3 . The pressing time was 18 seconds per thickness millimeter, at 180 °C, with a pressure of 2.86 MPa, which was reduced after 120 seconds to 2.00 MPa and after an additional 120 seconds to 1.15 MPa to release steam pressure inside the panel.
Measurements
The physical and mechanical properties of the panels were examined. The thermal conductivity (λ) of all the panels was measured by a hot plate method. The temperature of the cold side was 5 °C and the hot side was 15 °C, with a mean temperature of 10 °C according to the standard (MSZ ISO 8301). To ensure parallel heat flow perpendicular to the surface of the panel, 15 cm of side insulation was used around the specimens. Before the thermal conductivity measurement, the panel had to reach a steady state, which was determined when the fluctuation of the last per minute measurement was under 0.002 W·m -1 ·K -1 . The measuring equipment made one measurement every minute, and the average of the last 100 measurements was accepted as the measured result of the panel. The averages of the three data points collected were taken as the results.
Board moisture content and bulk density ( ) were calculated from ten samples taken from the panels. The thickness swelling (TS) and water absorption (WA) after immersion in water for 2 and 24 hours were calculated according to European standard EN 317 (1993) . Ten 50 mm × 50 mm specimens were weighed and their thicknesses measured with an accuracy of 0.01 g and 0.1 mm, respectively. The samples were stored at 20 °C and 65% relative humidity for seven days before measuring.
Bending strength, modulus of elasticity (MOR, MOE) (EN 310), and internal bond (IB) (EN 319) were tested using Instron 5506, a universal testing machine. The specimens were prepared from different areas of the board and cut according to the EN 326-1 (1994) European standard. For color measuring a Konica-Minolta CM-2600d spectrophotometer with an 8 mm aperture was used SpectraMagic NX software was used to determine the color coordinates (L*; a*; b*) in the CIELab-system. The positive value range of the a* axis is blue; the negative range is green; the positive value range of the b* axis is yellow; and the negative values are blue. The third axis, L*, is perpendicular to the other two, and the lightness values there were between 0 and 100. Due to the mixed structure of the samples, the measurements were taken at five points on a mat of 2 cm-thick conditioned chips.
The differences between the panels were evaluated with "Statistica 13" software. To find means of different treatment that significantly varied from each other, the Tukey-test was run on the raw data. In this test, the means of every treatment were compared to the means of every other treatment and the difference between the two means was identified if this difference was greater than the expected standard error. On the basis of the differences and the identities of the different variables (MOR, MOE, TS, WA, EMC), the treatments were grouped to identify the similarities and differences between treatments.
RESULTS AND DISCUSSION
The density of the bark panels treated for one, two, and three hours and the control were 336, 349, 352, and 336 kg·m -3 respectively. The density of the panels treated for three hours (T3) is a little higher, which may be caused by the inhomogeneity of the laboratory scale experiment (Table 1) .
The thermal conductivity of the panels was 0.064, 0.065, and 0.067 W·m -1 ·K -1 respectively, and the control panels had 0.067 W·m -1 ·K -1 . Although the thermal conductivity of artificial insulating materials is lower (0.015 -0.045 W·m -1 ·K -1 ), the environmental impact of naturally-based insulation is lower. Solid wood's thermal conductivity is also relatively low (0.08 -0.2 W·m -1 ·K -1 ) (Touloukian et al. 1971 , Glass -Zelinka 2010 , but different wood-based panels can achieve even better values (0.05 -0.08 W·m -1 ·K -1 ) (TenWolde et al. 1988 , Kamke 1989 . The thermal conductivity of the panels studied here is located in the middle of that said range.
The thermal conductivity of wood and wood products is influenced by many factors: density, moisture content, chemical composition, porosity, grain direction, etc. (MacLean 1941 , TenWolde et al. 1988 , Ragland et al. 1991 , Suleiman et al. 1999 . Heat can be transferred in such panels by heat bridges between the particles and air convection in large gaps. Because the same weight of treated bark was used to press the panels, there is a similar amount of air gaps in the panels; only density affects this. Conductivity increases with density because the amount of solid content increases with density. Parallel to the increasing density of the studied panels, the thermal conductivity of the panels made of treated bark particles increased. The T1 panels (one hour treatment) had the lowest thermal conductivity and density. The control and the T1 panels had a similar density, but the treated panels had lower thermal conductivity.
Thermal treatment affected the cell walls by changing the molecular structure and relationships of the wall. During the heat treatment, mass loss is detectable in the wood; first the transformation and decomposition of the hemicelluloses takes place. The amount of hydroxyl and carbonyl groups decreases in the cell wall, which allows it to absorb less water. Due to weight loss, small cavities and voids form in the cell wall (Stone -Scallan 1965 , Tjeerdsma et al. 1998 , Tjeerdsma -Militz 2005 , Windeisen et al. 2007 , Kocaefe et al. 2008 , Mitsui et al. 2008 , Yin et al. 2011 , Kekkonen et al. 2014 , Gao et al. 2019 . These processes cause a decrease in thermal conductivity. On the other hand, we produced panels of almost the same density from heat-treated materials. Panels made of heat-treated raw material have lower thermal conductivity at the same density (T1), and reach the value of control panels at about 5% higher density (T3). This shows the heat treatment had an effect on the microstructural and chemical levels, but panel density had a greater impact on the thermal conductivity of the panel than the heat treatment. By using other heat-resistant adhesives and post-manufacture heat treatments of the finished panels, panel density and thermal conductivity could be drastically reduced. The equilibrium moisture content (EMC) of the control panel was higher (8.88%) than all of the treated bark panels. The T3 (7.66%) has the lowest EMC. A Tukey-test was completed on the data. The T1 and T2 created a group, and the control and the T3 were in individual groups. As a result of heat treatment, the EMC decreased. With increasing temperature and/or time, EMC decreased (Akyildiz -Ateş 2008 , Esteves -Pereira 2009 . Heat reduces equilibrium moisture content by degrading the hemicellulos, which is one of the major hygroscopic components of wood, and by degrading and volatilizing extractives or further breaking down other low-molecular weight polymers, and increasing cellulose crystallinity.
The control panels had higher water uptake (WA) (217.89%) and thickness swelling (TS) (17.67%), than any treated panels. Both the WA and TS decreased parallel with the duration of the treatment. The one-hour treatment caused the smallest decrease (WA: 185.57%; TS: 10.68%), and the three-hour treatment caused the highest (WA: 100.61%; TS: 5.45%). The control and T1 form a group based on the WA, the T2 and T3 form another group based on both the WA and the TS. Wood swelling decreased with increasing treatment times and temperature , Winandy -Smith 2006 , Kocaefe et al. 2015 . The study of Xiangquan et al. (1997) illustrated that post-treatment of the particleboard manufactured from fast growing poplars is effective to improve dimensional stability. Thickness swelling decreased with increasing time and temperature of the post-heat treatment.
As mentioned above, the chemical structure of the cell walls is modified during the heat treatment, and equilibrium moisture content (EMC), water uptake (WA), and thickness swelling (TS) decreased (Tjeerdsma -Militz 2005; , Akyildiz -Ateş 2008 , Esteves -Pereira, 2009 , Kol -Sefil 2011 , Kocaefe et al. 2015 , Pelit et al. 2017 . As bio-based (lignocellulose) materials are hygroscopic, they absorb water from the surrounding air. As the thermal conductivity is higher in water than in wood, there are strong correlations between the moisture content and thermal conductivity as well as the moisture content and air humidity of the wood and wood products. Since EMC decreases, the panel will contain less water under the same conditions; consequently, its thermal conductivity will be lower (Kol -Sefil 2011 , Palumbo et al. 2016 , Pelit et al. 2016 , Brischke 2017 .
The T1 panels had the lowest MOR and MOE, (0.45 MPa; 0.22 GPa respectively), but these values are similar to the control panel (0.54 MPa; 0.28 GPa respectively). Parallel to the increasing treatment duration, both MOR and MOE increased. Based on the Tukey-test, C and T1 formed one group, and the T2 and T3 formed two other individual groups. In most cases, panels made of pre-heat treated particles or chips, or panels treated after the manufacturing have lower mechanical properties (MOE, MOR) than the untreated particles, chips, or panels (Seborg et al. 1953 , Lehmann 1964 , Rowel -Youngs 1981 , Ohlmeyer -Lukowsky 2004 , Lee et al. 2017 . Tomek (1966) found results similar to ours, but this contradicts the results of the majority of researchers.
If all the properties are examined together (with a Tukey test), the control panel and T1 are often in the same group. T2 and T3 are similar in many aspects and form a group, but in other cases they are significantly different. That is, one-hour treatment (T1) caused a relatively small change in the base material, so it is slightly different from the control, while the ever-increasing treatments (T2 and T3) show increasing changes (Figure 2) .
Figure 2. Grouping the treated and control panels based on the Tukey test
The L*, a* and b* color coordinates of the untreated chips were 42.46, 13.37 and 36.18 respectively. Parallel with the increasing treatment duration, the lightness obviously decreased, and the red color showed an increasing tendency. The yellow color first increased, but after two and three hours of treatment, it dramatically decreased (Table 2) .
Wood color change during heating is mainly due to the chemical transformation of the extracts in the temperature range of 100 -200 °C. The degree of color change, both in an inert and oxidative atmosphere, increases dramatically between 160 -180 °C. The lightness of the wood decreases considerably, and its color shifts towards the less saturated, reddish ranges (Németh 1998) . As treatment time increases, the rate of change significantly decreases and the color approaches the limit value for each tree species and treatment time. However, a very long treatment time yields the color characteristics obtained at higher temperatures (Németh 1998) . In general, insulation boards are not visible in wall construction and there was no purpose for producing visible insulation in this study. However, the degree of treatment is clearly visible and predictable from the measured colors; the small particle pieces are heated faster and more evenly than solid wood.
CONCLUSIONS
Heat-treated poplar bark particles are suitable for insulation panels. As described above, it is possible to produce a panel of heat-treated bark particles as the UF adhesive is able to form a bond between the heat treated particles. The effect of heat treatment is hardly perceptible on the mechanical properties of the panels, and the effect of density is stronger: the MOR and MOE of the panels with higher density, even treated for longer periods, are higher.
The thermal conductivity (0.067 W·m -1 ·K -1 ) of our poplar bark panels lies in the middle of the heat conducting range of other wood-based panels (0.05 -0.08 W·m -1 ·K -1 ). The thermal conductivity of these insulation panels made of bark can be reduced by heat treatment. By treating the particles with one hour of heat before the panels are manufactured, the thermal conductivity of a panel -at the same density -decreased to 0.064 W·m -1 ·K -1 . In fact, after three hours of treatment, the thermal conductivity of a panel with a density of about 5% is the same as that of the control panel (0.067 W·m -1 ·K -1 ). That is, by heat treating the particles prior to panel production, the thermal insulation properties of the panels can be improved. A big problem with natural thermal insulation materials is that their moisture content changes in parallel with atmospheric humidity, which strongly influences heat conduction. Pre-manufacturing heat treatment of the raw material bark changes its chemical structure, thus decreasing the water absorption and swelling of the manufactured panels. A three-hour treatment reduced the water uptake to half, decreased the thickness swelling to one-third, and pushed the EMC down 10%. The significantly lower moisture sensitivity is an advantages for practical usage such a treated insulation panel.
The study found that treatment duration affects the changes; the longer treatment at the same temperature causes greater changes in physical and mechanical properties. Color coordinates can help separate the differences caused within the heat-treated bark chips.
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